We present the first detailed spatio-kinematical analysis and modelling of the planetary nebula Abell 65, which is known to host a post-common envelope, binary, central star system. As such, this object is of great interest in studying the link between nebular morphology and central star binarity.
INTRODUCTION
The Binary Hypothesis proposes that bipolar planetary nebulae (PNe) are shaped by interactions between the nebular progenitor star and a companion star (de Marco 2009) . A PN is formed during the final stages of the lifetime of a low mass star, as the giant progenitor star drives off a slow, dense stellar wind which is swept up by a later fast wind from the emerging white dwarf (Kwok et . If the earlier dense wind develops an equatorial density enhancement, which restricts the outflow of the fast wind, the nebula will take on a bipolar, axi-symmetric hourglass or diabolo shape (Kahn & West 1985) . Such an enhancement could be generated by the presence of a companion star in close orbit with the PN progenitor (see Nordhaus & Blackman 2006 and references therein) . In this scenario, the progenitor star fills its Roche lobe and transfers matter to the companion star. Thermal instabilities in the companion star cause matter to overflow its Roche lobe and the system becomes enshrouded in a common envelope (CE) of stellar material (Iben & Livio 1993) . The CE may be shaped into a density enhancement in the orbital plane of the binary by conservation of angular momentum as the stars are slowed by the mate-rial and spiral inward (the CE is always shed in the orbital plane; Nordhaus & Blackman 2006) . The Binary Hypothesis predicts that the symmetry axis of a bipolar nebula should be parallel to the orbital axis of the central binary system i.e. perpendicular to the orbital plane. Of the PNe known to have binary central stars, there is a small set in which the orbital parameters of their central stars are known.
To date, six such PNe have been shown by spatio-kinematical modelling to have nebular symmetry axes aligned with the orbital axes of the central binary stars, consistent with the Binary Hypothesis: Abell 63, (Mitchell et al. 2007) , NGC 6337 (García-Díaz et al. 2009; Hillwig et al. 2010 ), Abell 41 (Jones et al. 2010) , Sp 1 (Jones et al. 2012a ), HaTr 4 (Tyndall et al. 2012 ) and NGC 6778 (Miszalski et al. 2011; Guerrero & Miranda 2012 • 08 ′ 12.9 ′′ J2000; herein "A 65"), discovered by Abell (1966) , was described by Bond & Livio (1990) to lie between the "elliptical" and "butterfly" types in the classification scheme of Balick (1987) Bond & Livio (1990) shows filamentary structure to the north-east of the bright nebula described by Abell (1966) , which they suggest could be bubble penetration perpendicular to the orbital plane. Deeper [O iii]5007 Å imagery obtained by Walsh & Walton (1996) shows the full extent of the nebula, with fainter emission extending as far to the south-west as the filamentary structure in the north-east; they suggest that this may be polar outflow from the bright nebula. Walsh & Walton (1996) also note a dark lane in the inner nebula which may correspond to a central cavity or "hollow" viewed along the line-of-sight near the symmetry axis. Hua et al. (1998) Bond & Livio (1990) report an orbital period of ≃ 1 day for the central star. This is confirmed in photometric observations and modelling by Shimansky et al. (2009) , who also use spectroscopic data to show that the binary is a young precataclysmic variable, having undergone a common envelope evolution. They also derive an inclination of the orbital plane of (68 ± 2)
• (where 90
• corresponds to an eclipsing orbit).
Accurate distance measurements to PNe are notoriously difficult to obtain. However, the distance to A 65 has been measured by Frew (2008) , using an Hα surface brightness -radius relationship, to be 1.7 kpc and by Stanghellini et al. (2008) , using the Shklovsky/Daub distance technique (recalibrated using PNe in the Magellanic clouds), to be 1.672 kpc. For this study we adopt a distance of 1.7 kpc.
In this paper we present imagery and longslit spectroscopy of A 65, from which we derive a spatio-kinematical model of the nebula, in order to investigate the relationship between the nebular morphology and its central star. ′′ pixel −1 . Seeing was ≃ 1.8 ′′ during these observations. The data were bias-corrected, flat-fielded, cleaned of cosmic rays and co-added using standard starlink routines 1 . The resulting images are shown in Figure 1 . The [O iii]5007 Å imagery in Figure 1 (a, b) shows the same bright inner nebula originally observed by Abell (1966) . The inner nebula appears nearly rectangular with a major axis aligned southeast to north-west and measures 152 ′′ × 86 ′′ . There is a bar of faint emission at about 90 ′′ to the north-east and, in Figure 1 (a), a counterpart at about 82 ′′ to the south-west of the central star. (This faint emission will later be referred to as the outer nebula.) The full extent of the nebula can be seen in Figure 1 (a), which shows the same data as Figure 1 ′ on the sky) and 150 µm wide (≡ 2 ′′ ) gave a spectral resolution of R ≃ 27, 000, equivalent to 11 km s −1 . The SITe3 CCD with 2 × 2 binning gave a pixel scale of 0.62 ′′ in the spatial axis and 4.79 km s −1 pixel −1 in the spectral axis. The exposure time for these observations was 1800 seconds. The slit positions are shown in Figure 1 (c) as A and B, covering the minor and major axes (respectively) of the bright nebula.
OBSERVATIONS AND RESULTS

[O iii]5007 Å and Hα+[N ii]6584 Å imagery
Further longslit spectra, in [O iii]5007 Å, were obtained using VLT-UVES (Dekker et al. 2000; Hubrig et al. 2006) , in singleorder mode, on 2008 July 11 and 12. The seeing for these observations never exceeded 1 ′′ . These observations used the EEV CCD in the "red" (visible to near-infrared) arm of the spectrograph, and had a spatial pixel scale of 0.16 ′′ pixel −1 and a velocity pixel scale of 1.2 km s −1 px −1 . With a slit width of 0.6 ′′ VLT-UVES has a resolution of R ≃ 70, 000 in the red arm, equivalent to 4 km s −1 (Dekker et al. 2000) . The exposure time for these observations was 1200 seconds. The slit on VLT-UVES is only 30 ′′ long on the sky, so longer effective slit-positions were reconstructed from several partially overlapping observations. Five slit-positions C-G were reconstructed from a total of eleven VLT-UVES observations, as shown in Figure 1 (c).
Data reduction for all spectra was performed using starlink software. The spectra were bias-corrected and cleaned of cosmic rays, then wavelength-calibrated against a ThAr emission-lamp to an absolute accuracy of ± 1.5 km s −1 . Finally the data were rescaled to a linear velocity scale, relative to the rest wavelength of [O iii] 5006.843 Å, and corrected to show heliocentric velocity, V hel . The spatial axis for each spectrum was offset such that 0 ′′ corresponds to a line drawn perpendicular to the slit, through the central star. The reduced spectra from MES-SPM and VLT-UVES are shown in Figures 2 and 3 , respectively.
The [O iii]5007 Å spectrum from slit A (see Figure 2) , aligned along the minor axis of the bright inner nebula, shows faint emission at the north-east end of the slit at about 90
′′ from the centre Figure 1 ). Slit A also shows emission from the bright inner nebula as a velocity ellipse extending from about -50 ′′ to about 40 ′′ in the spatial axis, and from about -20 km s −1 to about 50 km s −1 in the spectral axis. The spectrum from slit B, aligned along the major axis of the nebula shows two bright components, one redshifted towards the north-west end of the slit and one blueshifted towards the south-east end.
Slit C covers the faint emission from the outer nebula, at about 90 ′′ to the north-east of the central star. The [O iii]5007 Å spectrum from this slit shows two closed velocity ellipses, redshifted and blueshifted to the north-west and south-east ends of the slit, respectively, in the same sense as the two bright components of the inner nebula seen in the spectrum from slit B. Slits D-F are parallel and near to the line of slit A, providing more detailed information on the outer nebula to the north-east (D), the centre of the inner nebula (E) and the outer nebula to the south-west (F). Slit D and slit F each show a partial velocity ellipse with a "kinked" shoulder. The spectrum from slit E shows two velocity components running the length of the slit (likely the centre of the larger velocity ellipse seen in slit A). Each of these components is ≃ 20 km s −1 in full-width at half-maximum and their centres are separated by ≃ 30 km s −1 .
Slit G is parallel to the minor axis of the inner nebula and offset from the central star by about 50 ′′ , and shows a bright velocity ellipse ≃ 30 km s −1 wide, with an unfilled central region ≃ 10 km s
wide.
Longslit Hα and [N ii]6584 Å spectroscopy
Images obtained by Hua et al. (1998) 
DISCUSSION
Nebular structure
A 65 was previously thought (based solely on imagery) to have a symmetry axis aligned northeast-southwest with the inner nebula being an equatorial ring, viewed almost edge-on, and the outer nebula being a polar outflow (Bond & Livio 1990; Walsh & Walton 1996) .
Slit A shows two bright components, separated by ≃ 20 km s
at 0 ′′ spatial offset, forming a closed velocity ellipse corresponding to the inner nebula. This suggests that the structure of the inner nebula is a closed shell along the northeast-southwest axis and therefore cannot be a ring with polar outflow along a northwestsoutheast axis, as previously proposed. Slit B, though showing little or no emission from the fainter nebula, shows a red-shifted component towards the top of the slit (north-west) and a corresponding blue-shifted component towards the bottom (south-east). The peak brightnesses of the lobes are separated by 63 ′′ and 27 km s −1 . The components are suggestive of two lobes of a bipolar structure with a symmetry axis roughly parallel to the slit orientation, but at some inclination to the line-of-sight. This orientation is consistent with that suggested by slit A.
Slit C provides key information on the structure of the outer nebula. A double velocity ellipse indicates a bipolar structure, as in the case of the inner nebula, in contrast with the ring structure suggested by Hua et al. (1998) . The orientation of slit C is roughly parallel to the symmetry axis of the bright inner nebula, just as for slit B. The faint emission regions of the outer nebula to the north-east and south-west are almost equidistant from the centre of the inner nebula. This suggests that the nebula is a double-shelled structure, the outer shell being concentric with the inner shell. Slits D, E and F confirm, at higher resolution and sensitivity, the structures observed in slit A. Slit D makes clear the kinked structure at the top of slit A. Slit E shows the central components more clearly. Slit F detects structure from the outer nebula not seen in slit A. Slit G appears to show an open velocity ellipse, similar to the inner nebula detected in slit A.
The Hα emission detected with slit H, in Figure 4 follows the [O iii]5007 Å emission, as would be expected from ionisation stratification. The [N ii]6584 Å emission detected with slit H may correspond to the lobe tips of the inner nebula. This interpretation is also consistent with the [N ii]6584 Å spectrum obtained with a northsouth slit, included in the SPM Kinematic Catalogue of Planetary Nebulae 2 (López et al. 2012 ).
Spatio-kinematical modelling of Abell 65
A three-dimensional spatio-kinematical model of A 65 was developed from the images and spectra of the [O iii]5007 Å emission using shape (Steffen et al. 2011) . The inner and outer shells were modelled separately, given the distinct inner and outer emission regions in the images and spectra. For each shell radial expansion velocity was assumed to be proportional to the distance from the centre. Model parameters -determining size, shape, expansion velocity, position angle and inclination -were manually varied over a wide range. The best-fit model for each shell was determined by comparing, by eye, the data synthesised from the model to the observed [O iii]5007 Å image and [O iii]5007 Å longslit spectra. This is the same method which has been used to model Abell 41 (Jones et al. 2010) , Sp 1 (Jones et al. 2012a ) and HaTr 4 (Tyndall et al. 2012) . The synthetic spectra are presented alongside the observed spectra in Figures 2 and 3 . In each case, the synthetic spectra are rendered at the same spatial and spectral resolution as the observed spectra. It is the relation of the overall shape of the emission regions to parameters, particularly the orbital inclination, 2 http://kincatpn.astrosen.unam.mx of the central binary star which is of interest, so no attempt was made to model the luminosity variations across the nebula. This would otherwise require a full radiative transfer treatment which is beyond the aims and scope of this work. Uncertainties in values derived from the model were determined by assessing the range of values over which the synthesised data were comparable to the observed data. The best-fit models of both shells are combined in a synthesised image in Figure 5 .
The best-fit model for the outer nebula was found to be a thinshelled peanut shape with a symmetry axis aligned south-east to north-west at an inclination (to the line-of-sight) of (55 ± 10)
• . The lobes of this model shell had to be large enough to produce the two closed velocity ellipses seen in slit C. However, there is insufficient evidence to determine whether the outer nebula is fully closed, as in the model, or open-ended beyond the region covered by the slit. Slit B, which would cover the full length of the outer nebula, does not show any emission other than that from the bright inner nebula, which does appear to be closed. However, this lack of emission from the outer nebula in slit B may be partly due to the lesser sensitivity of MES compared to UVES.
The best-fit model for the inner nebula was found to be a thickshelled peanut shape, analogous to the outer nebula, with a symmetry axis aligned south-east to north-west at an inclination (to the line-of-sight) of (68 ± 10)
• . Slits A and B together strongly suggest a bipolar shape with a symmetry axis approximately parallel to the position angle of slit B, the northwest lobe being inclined away from the observer. but none were successful.) However, finding a model shape (thickness and extent) which could satisfactorily reproduce the observed "hollow" structure proved difficult. The hollow cavity in the model is limited by the extent of the shell in the observed image and in the PV-array from slit B, but a model which is consistent with these data fails to reproduce the velocity ellipse observed in slit G. The data from slit G suggest that in fact the central cavity extends further along the symmetry axis. Most likely, either a complex variation of shell thickness or deviation from axi-symmetry would be required to reconcile these issues. Here we are concerned primarily with broad-scale structure and inclination, and so we have not pursued the detailed shape of the nebula further, rather accepting the simplest best-fitting model with replicates the main features of the observed images and spectroscopy.
The parameters of the outer and inner nebula models are given in Table 1 , for a unit distance 1 kpc and the measured distance of 1.7 kpc (Frew 2008; Stanghellini et al. 2008 ).
Systemic velocity and kinematical ages
The systemic heliocentric radial velocity of A 65 was determined from the velocity shift between the observed spectra and the synthetic spectra rendered from the best-fit model, the model being effectively at rest. This was found to be approximately 13 km s −1 , consistent with the published value, (13 ± 4) km s −1 , of Meatheringham et al. (1988) .
The best-fit model of the inner shell has an expansion velocity ranging from 22-44 km s −1 from the waist to the poles. The kinematical age for the inner shell derived from this model, is (8000 ± 3000) yr kpc −1 , giving an age of (13600 ± 5100) yr at the measured distance of 1.7 kpc. The best-fit model of the outer shell has an expansion velocity ranging from 17-31 km s −1 from the waist to the poles. The kinematical age for the outer shell, derived from this model, is (15000 ± 5000) yr kpc −1 , giving an age of (25500 ± 8500) yr at 1.7 kpc (the kinematical ages for both shells are also shown in Table 1 ). The outer shell appears older than the inner shell, potentially because it has been slowed by the ISM, although it is worth noting the large errors. These uncertainties, as mentioned in Section 3.2, were determined from the range over which the model gave an acceptable fit to the data.
Context
A 65 is the first PN with a known binary central star to show strong spectroscopic evidence of a double-shelled structure. Miszalski et al. (2009) identified a further four "multiple-shelled" PNe based on their deep imaging survey (PHR J1804-2913, Pe 1-9, K 6-34 and Hf 2-2). However, without the addition of spatiokinematical observations such as those presented in this paper it is difficult to fully characterise the nature of these outer shells 3 . Based on imagery alone it is difficult to distinguish between thin shell structures (such as the outer shell of A 65) and halo-like structures (for example, Corradi et al. 2003 Corradi et al. , 2004 . This is an important distinction as haloes are generally understood to be the remnant of the mass lost on the AGB which is being swept up into the nebular shell, whereas the mechanism by which multiple, distinct thin shells form is still unclear. It has been hypothesised that only a central binary could be responsible for such rapid changes in massloss as those required by the GISW theory to form more than one shell (Chu 1989 and references therein) . However, this may also be possible through a combination of photo-ionisation and wind interaction (Schönberner et al. 1997) . Although the kinematical ages derived for the two shells have large uncertainties, they appear not to be coeval, the outer shell having nearly twice the kinematical age of the inner shell. This may support a binary-driven origin for the double shell structure, although it does not rule out other scenarios.
Assuming that the two shells identified here are indeed separate, non-coeval shells, this necessitates rapid evolution of massloss in the system as each shell requires a phase of enhanced massloss, and, based on their ages, they formed only ∼12000 years apart. It is intriguing to consider that this is approximately the duration of an AGB thermal pulses, however there is no physical reason to two shells during a single pulse -rather this would require two subsequent pulses and this can be all but ruled out given that the interpulse period is some 10 times greater (Paxton et al. 2011 ). An alternative explanation for such a rapid change in mass-loss might be that the central star experienced a born-again phase after the ejection of the outer shell (Iben, Tutukov & Yungelson 1996) . This 15000 ± 5000 yr 25500 ± 8500 yr 8000 ± 3000 yr 13600 ± 5100 yr would seem unlikely as the central star system shows no deficiency in Hydrogen even at light minimum where the majority of the flux originates from the primary (Shimansky et al. 2009 ).
The simplest, and therefore most plausible, origin for the double-shelled structure is that they are actually formed by two jet-like ejections, or periods of collimated fast wind (CFW; Soker 2001). These could then be expected to have evolved on binary time-scales and therefore account for the rapid changes of massloss. The only problem with this scenario is that it necessitates high mass-loss rates between the two ejection events (otherwise there will be insufficient material to form the inner shell), but an accepted requirement of the CFW models is that the slow, dense and collimated fast winds are blown (almost) simultaneously (Soker, Rappaport 2000; Frank, Ryu & Davidson 1998) . Hence, the real test of this hypothesis is how the CFW was initiated (forming the outer shell), then stopped for some 10000 years and then re-initiated in order to form the inner shell. The source of this is unclear but almost certainly related to the evolution of the binary central star, which merits a much more detailed analysis.
Interestingly, further support for the CFW formation hypothesis can be found in the distribution of [N ii]6584 Å in A 65, which seems to be confined to the lobe tips of the inner shell (Fig. 4(c) here, and Fig. 2(b) of Hua et al. 1998 ). This can then be explained as the "remnant" shock ionisation from the ejection event that produced the inner shell.
CONCLUSIONS
Detailed spatio-kinematical modelling, based on deep imagery and high resolution spatially resolved spectroscopy, has shown that the bright inner nebula of A 65 has a bipolar structure which is oriented northwest-southeast. This is roughly perpendicular, in position angle, to that which was previously believed (prior observations of the nebula had only included image data). Our analysis has also shown that the nebula comprises two shells, similar in shape and inclination to each other. The faint emission observed to the north-east and south-west of the inner nebula has been shown to be a second bipolar shell in similar orientation, rather than a polar outflow or bubble penetration, as previously thought.
A 65 is the first PN with a known binary central star to have a proven double-shelled structure. The inclinations of the symmetry axes of the inner and outer shells ((68 ± 10)
• and (55 ± 10)
• respectively) agree reasonably well with the orbital inclination of the central binary star ((68 ± 2)
• ), supporting the hypothesis that A 65 has been shaped by its binary central star. Although the kinematical ages derived for the two shells have large uncertainties, they appear not to be coeval, the outer shell having nearly twice the kinematical age of the inner shell. The exact evolution of the system is unclear, however the double-shelled structure is almost certainly a product of binary evolution, probably through two CFW or jet-like events. Further investigation of the central binary is essential in order to understand its evolution and relate that to the exact formation mechanism at work in the nebula.
This study makes A 65 one of few to have had the link between nebular and binary inclinations examined, all of which have been found to be broadly consistent with theoretical predictions. As evidence mounts that binarity is responsible for the shaping in these PNe it is imperative to examine a larger sample, in order to begin to connect other morphological and kinematical parameters of the nebulae to those of their binary central stars, and therefore to the evolutionary processes at work in these systems (Jones et al. , 2012b .
